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HIDDEN FLEXURE ULTRA PLANAR OPTICAL ROUTING 

ELEMENT 

5 BACKGROUND OF THE INVENTION 

This invention relates generally to the field of micro-electrical-mechanical 
systems (MEMS), and in particular, to improved MEMS devices and methods of making 
same for use with fiber-optic communications systems. 

" The Internet and data communications are causing an explosion in the 

10 global demand for bandwidth. Fiber optic telecommunications systems are currently 
deploying a relatively new technology called dense wavelength division multiplexing 
(DWDM) to expand the capacity of new and existing optical fiber systems to help satisfy 
this demand. In DWDM, multiple wavelengths of light simultaneously transport 
information through a single optical fiber. Each wavelength operates as an individual 

15 channel carrying a stream of data. The carrying capacity of a fiber is multiplied by the 
number of DWDM channels used. Today DWDM systems employing up to 80 channels 
are available from multiple manufacturers, with more promised in the future. 

In all telecommunication networks, there is the need to connect individual 
channels (or circuits) to individual destination points, such as an end customer or to 

20 another network. Systems that perform these functions are called cross-connects. 

Additionally, there is the need to add or drop particular channels at an intermediate point. 
Systems that perform these functions are called add-drop multiplexers (ADMs). All of 
these networking functions are currently performed by electronics - typically an 
electronic SONET/SDH system. However SONET/SDH systems are designed to process 

25 only a single optical channel. Multi-wavelength systems would require multiple 

SONET/SDH systems operating in parallel to process the many optical channels. This 
makes it difficult and expensive to scale DWDM networks using SONET/SDH 
technology. 

The alternative is an all-optical network. Optical networks designed to 
30 operate at the wavelength level are commonly called "wavelength routing networks" or 
"optical transport networks" (OTN). In a wavelength routing network, the individual 
wavelengths in a DWDM fiber must be manageable. New types of photonic network 



elements operating at the wavelength level are required to perform the cross-connect, 
ADM and other network switching functions. Two of the primary functions are optical 
add-drop multiplexers (OADM) and wavelength-selective cross-connects (WSXC). 

In order to perform wavelength routing functions optically today, the light 
5 stream must first be de-multiplexed or filtered into its many individual wavelengths, each 
on an individual optical fiber. Then each individual wavelength must be directed toward 
its target fiber using a large array of optical switches commonly called an optical cross- 
connect (OXC). Finally, all of the wavelengths must be re-multiplexed before continuing 
on through the destination fiber. This compound process is complex, very expensive, 

10 decreases system reliability and complicates system management. The OXC in particular 
is a technical challenge. A typical 40-80 channel DWDM system will require thousands 
of switches to fully cross-connect all the wavelengths, Opto-mechanical switches, which 
offer acceptable optical specifications are too big, expensive and unreliable for 
widespread deployment. Improvements are needed to help reliably switch and direct the 

1 5 various wavelengths along < their desired paths. 

Micro-electrical-mechanical systems (MEMS) theoretically provide small 
systems capable of providing switching functions. However, MEMS also have 
difficulties to overcome. For example, voltages needed to rotate the micromirror often 
are larger than desired, resulting in distortion of the mirror shape. The present invention 

20 is, therefore, directed to improved MEMS devices for use with a wide range of OTN 
equipment, including switches (OXC) and routers. 

SUMMARY OF THE INVENTION 
The present invention provides improved MEMS devices for use with all 
25 optical networks, and methods of using and making same. For example, the present 

invention may be used with the exemplary wavelength routers described in co-pending 
U.S. Patent Application Serial. No. 09/442,061, filed November 16, 1999, the complete 
disclosure of which is incorporated herein by reference. 

In one embodiment, a structure for steering light is provided. The 
30 structure includes a base layer, a first conductive layer overlying a portion of the base 

layer, and a flexure assembly overlying a portion of the first conductive layer. A portion 
of the flexure assembly has an I-beam configuration. The beam layer overlies and is 
coupled to the flexure assembly, and is adapted to rotate relative to the base layer. 
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In one aspect, a second conductive layer overlies a portion of the first 
conductive layer, with the first conductive layer having a greater surface area than the 
second conductive layer. In another similar aspect, the device includes a third conductive 
layer overlying a portion of the second conductive layer, with the second conductive layer 
having a greater surface area than the third conductive layer 

In one embodiment, a portion of underlying edges of the flexure assembly 
and beam layer are adapted to contact the base layer upon rotation of the beam layer. In 
this manner, the beam layer is rotated by an underlying rotation device. Further, the 
multi-point contact between the underlying edges and the base layer provides a stable 
platform, for the beam layer. 

In some embodiments, the base layer includes a non-conductive material, 
the beam layer comprises an electrically conductive material, and/or the conductive 
layer(s) include polysilicon. In one aspect, the beam layer is electrically isolated from 

the conductive layers. 

In one aspect, the flexure assembly includes a torsion beam having first 
and second generally parallel arms each coupled to a central beam that is generally 
orthogonal to the arms. In another aspect, the arms also are coupled to the beam layer to 

provide support thereto. 

In one aspect, the first and second conductive layers each have a central 
portion separate from remaining portions of the respective conductive layers. The central 
portions are coupled together. In another aspect, the flexure assembly includes a central 
portion that is coupled to the second conductive layer central portion. In this manner, the 
central portions help facilitate rotation of the flexure assembly, and help electrically 
isolate the beam layer from the remaining portions of the first and second conductive 
layers. 

In one aspect, the first, second and third conductive layers are in separate 
planes. In another aspect, the first, second and third conductive layers have at least 
portions thereof electrically coupled together, with the electrically coupled portions 
adapted to operate together as a single electrode. 

In one particular aspect, the underlying edges of the flexure assembly and 
beam layer are configured to simultaneously contact the base layer upon rotation of the 
beam layer. In this manner, the underlying edges of two or more layers provide a stable 
multi-point landing system for the beam layer. Further, the beam layer preferably has a 



substantially planar upper surface when the underlying edges are in contact with the base 
layer. 

In one embodiment, an apparatus for steering light according to the present 
invention includes a base layer, a first conductive layer overlying the base layer, and a 
5 second conductive layer. Each of the first and second conductive layers are in a separate 
plane from the other, and each conductive layer includes at least a portion thereof that is 
electrically coupled to at least a portion of the other conductive layer. A beam layer is 
coupled to a rotation device, with the rotation device positioned between at least one of 
the conductive layers and the beam layer. The rotation device and beam layer rotate in 

10 response to a voltage applied to the coupled portions of the conductive layers^ In this 

manner, the conductive layers together are used to rotate the beam layer. Due at least in 
part to the positioning of the conductive layers, a lower threshold voltage is used to rotate 
the beam layer as compared to using a single conductive layer. 

In one aspect, the present invention further includes a third conductive 

15 layer, with each of said first, second and third conductive layers in a separate plane from 
the other two conductive layers, and each having at least a portion thereof that i^ 
electrically coupled to at least a portion of the other two conductive layers. 

In one aspect, an underlying edge of the beam layer is adapted to contact 
the base layer at a first location when a first voltage is applied to the electrically coupled 

20 conductive layer portions, and to contact the base layer at a second location when a 

second voltage is applied. In another aspect, the rotation device includes a torsion beam 
underlying the beam layer and having at least a portion thereof comprising an I-beam. 

The present invention further provides exemplary methods for making an 
apparatus for steering light. In one embodiment, the method includes providing a base 

25 layer having first and second portions. First and second stacked electrodes are formed on 
the first and second portions, with the stacked electrodes on the first portion electrically 
isolated from the stacked electrodes on the second portion. A flexure assembly is formed 
coupled to the base layer and electrically isolated from the first and second stacked 
electrodes. A beam layer is coupled to the flexure assembly. The flexure assembly and 

30 stacked electrodes may have some or all of the characteristics described above. 

In one aspect, the method further includes formed a third stacked electrode 
overlying the second stacked electrode. In one embodiment, each subsequently formed 
electrode has about the same surface area, or a smaller surface area, than the immediately 
underlying electrode. 
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The present invention further provides methods for steering light. In one 
embodiment, a structure for steering light ^s previously described is provided. A voltage 
is applied to the first and second conductive layers to rotate the beam layer to a desired 
position. The beam layer has a substantially planar upper surface when in the desired 
5 position. The method includes directing a light at the beam layer. 

Other objects, features and advantages of the present invention will 
become more fully apparent from the following detailed description, the appended claims 
and the accompanying drawings. 

10 BRIEF DESCRIPTION OF THE DRAWINGS 

Figs. 1 A, IB and 1C are schematic top, side and end views, respectively, 

of a wavelength router for use with an embodiment of the invention; 

Fig. 2 is a simplified overall view of a light steering apparatus according to 

the present invention; 

15 Figs. 3A-3C are overall views of various layers of the apparatus of Fig. 2; 

Figs. 4A-4D depict a method of manufacturing steering apparatus 
according to the present invention, taken along the apparatus centerline shown in Fig. 2; 

Figs. 5A-5C depict the method of Figs. 4A-4D, showing the torsion beam 

structure along line 5-5 in Fig. 3A; 
20 Fig. 5D is a cross sectional view of the torsion beam structure of Fig. 5C; 

and 

Fig. 6 is a simplified side view of the steering apparatus of Fig. 2. 

DESCRIPTION OF THE SPECIFIC EMBODIMENTS 
25 The general functionality of a wavelength router is to accept light having a 

plurality of spectral bands (i.e., <C N" spectral bands) at an input port, and selectively direct 
subsets of the spectral bands to desired ones of a plurality of output ports (i.e., "M" output 
ports). The routers may include dynamic switching where the routing mechanism 
includes one or more routing elements whose state can be dynamically changed in the 
30 field to effect switching. The routers may also include static embodiments in which the 
routing elements are configured at the time of manufacture or under circumstances where 
the configuration is intended to remain unchanged during prolonged periods of normal 
operation. 
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The routers may include a dispersive element, such as a diffraction grating 
or a prism, which operates to deflect incoming light by a wavelength-dependent amount. 
Different portions of the deflected light are intercepted by different routing elements. 
Although the incoming light could have a continuous spectrum, adjacent segments of 
which could be considered different spectral bands, it is generally contemplated that the 
spectrum of the incoming light will have a plurality of spaced bands. 

The terms "input port" and "output port" are intended to have broad 
meanings. At the broadest, a port is defined by a point where light enters or leaves the 
system. For example, the input (or output) port could be the location of a light source (or 
detector) or the location of the downstream end of an input fiber (or the upstream end of 
an output fiber). In specific embodiments, the structure at the port location could include 
a fiber connector to receive the fiber, or could include the end of a fiber pigtail, the other 
end of which is connected to outside components. In many cases, light will diverge as it 
enters the wavelength router after passing through the input port, and will converge 
within the wavelength router as it approaches the output port. However, this is not 
necessary. 

The International Telecommunications Union (ITU) has defined a standard 
wavelength grid having a frequency band centered at 193,100 GHz, and another band at 
every 100 GHz interval around 193,100 GHz. This corresponds to a wavelength spacing 
of approximately 0.8 nm around a center wavelength of approximately 1550 ran, it being 
understood that the grid is uniform in frequency and only approximately uniform in 
wavelength. Embodiments of the invention are preferably designed for the ITU grid, but 
finer frequency intervals of 25 GHz and 50 GHz (corresponding to wavelength spacings 
of approximately 0.2 nm and 0.4 nm) are also of interest. 

One particular embodiment of a wavelength router 10 is illustrated in Figs. 
1A, IB and 1C. This embodiment is included to illustrate the basic principals of 
operation of one type of wavelength router as described generally in copending U.S. 
Application Serial No. 09/422,061, previously incorporated by reference. However, the 
invention is not intended to be limited only to such an embodiment. 

Figs. 1A, IB, and 1C are schematic top, side, and end views, respectively, 
of a wavelength router 10. The general functionality of wavelength router 10 is to accept 
light having a plurality of spectral bands at an input port 12, and selectively direct subsets 
of the spectral bands to desired ones of a plurality of output ports, designated 1 5(1 ... M). 
The output ports are shown in the end view of Fig. 1C as disposed along a line 17 that 



extends generally perpendicular to the top view of Fig. 1 A. The input and output ports 
are shown as communicating with respective input and output optical fibers, but it should 
be understood that the input port could also receive light directly from a light source, and 
the output ports could be coupled directly to optical detectors. The drawing is not to 
5 scale. 

Light entering wavelength router 10 from input port 12 forms a diverging 
beam 18, which includes the different spectral bands. Beam 18 encounters a lens 20 
which collimates the light and directs it to a reflective diffraction grating 25. Grating 25 
disperses the light so that collimated beams at different wavelengths are directed at 

10 different angles back towards lens 20. Two such beams are shown explicitly and denoted 
26 and 26' (the latter drawn in dashed lines). Since these collimated beams encounter the 
lens at different angles, they are focused at different points along a line 27 in a transverse 
focal plane. Line 27 extends in the plane of the top view of Fig. 1A. 

The focused beams encounter respective ones of plurality of 

15 retroreflectors, designated 30(1 . . . N), located near the focal plane. The beams are 

directed, as diverging beams, back to lens 20. Each retroreflector sends its intercepted 
beam along a reverse path that may be displaced in a direction perpendicular to line 27. 
More specifically, the beams are displaced along respective lines 35(1 . . . N) that extend 
generally parallel to line 17 in the plane of the side view of Fig. IB and the end view of 

20 Fig. 1C. 

In one particular embodiment shown, the displacement of each beam is 
effected by moving the position of the retroreflector along its "respective line 35(i). In 
other embodiments, to be described below, the beam displacement is effected by a 
reconfiguration of the retroreflector. It is noted that the retroreflectors are shown above 

25 the output ports in the plane of Fig. 1C, but this is not necessary; other relative positions 
may occur for different orientations of the grating or other elements. 

The beams returning from the retroreflectors are collimated by lens 20 and 
directed once more to grating 25. Grating 25, on the second encounter, removes the 
angular separation between the different beams, and directs the collimated beams back to 

30 lens 20, which focuses the beams. However, due to the possible displacement of each 
beam by its respective retroreflector, the beams will be focused at possibly different 
points along line 17. Thus, depending on the positions of the retroreflectors, each beam is 
directed to one or another of output ports 15(1 . . . M). 
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In sum, each spectral band is collimated, encounters the grating and leaves 
the grating at a wavelength-dependent angle, is focused on its respective retroreflector 
such that is displaced by a desired amount determined by the retroreflector, is collimated 
again, encounters the grating again so that the grating undoes the previous dispersion, and 
5- is focused on the output port that corresponds to the displacement imposed by the 

retroreflector. In the embodiment described above, the light traverses the region between 
the ports and the grating four times, twice in each direction. 

Turning now to Figs. 2 and 3A-3C an exemplary apparatus for steering 
light according to the present invention will be described. Apparatus 100 may be used as 

10 retroreflectors 30 in the router depicted in Fig. 1. Apparatus 100 also may be used as part 
of optical switches, display devices, signal modulators and the like. 

Apparatus 100 includes a beam layer 160 as shown in Fig. 2. Beam layer 
160 is used to reflect light in optical switches, optical routers, and the like. Preferably, 
beam layer 160 includes a reflective surface and is made from a wide range of materials 

15 depending, in part, on the particular application. In one embodiment, beam layer 160 
comprises gold, silver, chromium, aluminum, combinations thereof, and the like. In 
another embodiment, beam layer 160 comprises polysilicon. Apparatus 100 makes use of 
a multi-layer electrode stack underlying beam layer 160 to facilitate rotation of beam 
layer 160 into a desired position. Use of electrode configurations according to the present 

20 invention help reduce the threshold voltage needed to rotate beam layer 160. 

As best shown in Fig. 3 A, apparatus 100 includes a first conductive layer 
110 formed over a base layer 1 16 (not shown in Figs. 2 and 3). First conductive layer 110 
includes a central portion 112 and two electrode plate portions 114. Central portion 112 
is physically and electrically isolated from plate portions 114. In one embodiment, 

25 central portion 1 12 and plate portions 1 14 have thickness between about 0.2 microns 
(jj.m) and about 0.5 microns, although the size will depend on a number of factors, and 
may be outside this range. 

As shown in Fig. 3B, second electrode plate portions 124 are formed 
overlying at least a portion of electrode plate portions 1 14. Plate portions 124 are 

30 physically and electrically coupled to plate portions 1 14 by a plurality of supports 128. 
Supports 128 may comprise one or more posts, bars and the like. In one embodiment, 
plate portions 114 and 124 comprise polysilicon, although metals and other materials may 
be used within the scope of the present invention. First and second bar portions 122 are 
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formed overlying part of central portion 112. Bar portions 122 are electrically isolated 
from plate portions 124, however, bar portions 122 may comprise the same material as 
plate portions 124. An anchor 126 is formed between plate portions 124 and contacts the 
underlying central portion 112. Anchor 126 operates to anchor an overlying portion of a 
5 flexure assembly to base layer 116. As will be described in conjunction with later. 

figures, anchor 126 and bar portions 122 are used to facilitate rotation of beam layer 160. 
Bar portions 122, plate portions 124 and anchor 126, in one embodiment, are all made 
from a second conductive layer 120. 

As shown in Fig. 3C, a rotation device 130 is formed at least partially 

10 overlying the previously described structure. In one embodiment, and as shown in Fig. 
3C, rotation device 130 comprises a torsion beam 130. Torsion beam 130 includes a 
central beam 132 having a central portion 138. Beam 132 is coupled to first and second 
arms 134. In an alternative embodiment, torsion beam 130 comprises a torsion plate (not 
shown) in place of arms 134 and central portion 138. The torsion plate is suspended 

15 above electrode plate portions 1 14, 124 and is adapted to rotated relative thereto. 

In another embodiment, rotation device 130 is formed in conjunction with 
second conductive layer 120. In this manner, rotation device 130 rotates relative to plate 
portions 114. 

As shown in Fig. 3C, central beam 132 is positioned generally orthogonal 
20 to arms 134, although other configurations may be used within the scope of the present 

invention. Arms 134 are generally parallel to one another in one embodiment. In another 
embodiment, arms 134 extend substantially over bar portions 122, although they need 
not, and in still another embodiment are coupled to bar portions 122. In one embodiment 
(not shown), arms 134 are the same length, or shorter in length than bar portions 122. 
25 Arms 134 further may, but need not include a notch 136, shown positioned at both ends 
of both arms 134. In an embodiment, notches 136 facilitate the coupling of beam layer 
160 (not shown in Fig. 3C) to rotation device 130. 

In one embodiment, bar portions 122, anchor 126 and rotation device 130 
collectively define a flexure assembly adapted to rotate an overlying beam layer 160 
30 relative to the base layer 116. 

Third electrode plates 140, in one embodiment, overlie second electrode 
plates 124. Third electrode plates 140 may comprise the same materials as, and may be 
formed coincidentally with rotation device 130. However, as depicted in Fig. 3C, 
electrodes 140 are electrically isolated from rotation device 130. Hence, electrode plate 
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portions 114, 124 and 140 are electrically coupled together. In one embodiment, the 
surface area of electrode plate portion 1 14 is greater than the surface area of electrode 
plate portion 124. In turn, in one embodiment electrode plate portion 124 has a greater 
surface area than that of third electrode plate 140. In this manner, a stacked electrode 
5 configuration is provided, with electrodes closer to the beam layer being generally the 
same size or smaller than underlying electrodes. Beam layer 160 is thereafter formed 
overlying the structure shown in Fig. 3C, such that beam layer 160 is coupled to torsion 
beam 130. In one embodiment, beam layer 160 is coupled to torsion beam 130 at notches 
136, for example, by forming connectors that connect notch 136 with an undersurface of 

10 beam layer 160. Additional embodiments include forming notches 136 at different 
locations along torsion beam 130 than depicted. In an alternative embodiment, beam 
layer 160 is further coupled to central beam 132. 

Preferably, at least a portion of beam layer 160 comprises an electrically 
conductive material. Hence, beam layer 160 is electrically coupled to rotation device 130 

15 and the central portions or anchors of the underlying conductive layers 112 and 126. In 
one embodiment, central portion 138 of the torsion beam structure is coupled to anchor 
126. Further, the coupled central portions/ anchors and beam layer 160 are electrically 
isolated from electrode plate portions 114, 124 and 140. Hence, the application of a 
voltage to the electrically coupled plates facilitates rotation of the overlying beam layer 

20 160 as further described in conjunction with subsequent figures. 

Turning now to Figs. 4A-4D, a method of manufacturing light steering 
apparatus according to the present invention will be described. As shown in Fig. 4A, first 
conductive layer 110 is formed over base layer 1 16. First conductive layer 1 10 and base 
layer 116 are electrically isolated. Base layer 116 may comprise nitride, such as silicon 

25 nitride, and the like. In one embodiment, base layer 116 comprises a substrate, such as a 
silicon substrate, overlaid with an oxide layer, such as a thermal oxide layer, over which 
is laid a layer of silicon nitride (together shown as base layer 1 16 in the Figures). First 
conductive layer 110 may comprise polysilicon, metals or other conductive materials. In 
one embodiment, first conductive layer 1 10 is formed using a chemical vapor disposition 

30 (CVD) process. The thickness of first conductive layer 110 may vary within the scope of 
the present invention, and in one embodiment is about 0.3 microns, and in another 
embodiment is between about 0.3 and about 1.0 microns. 

After formation, conductive layer 1 10 is patterned to form central portion 
1 12 and electrode plate portions 114. Central portion 1 12 and plate portions 114 may be 
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formed by micromachining, photolithography and etching processes, and the like. In one 
embodiment, a photoresist pattern is formed overlying first conductive layer 110 having 
openings therethrough to expose the portions of first conductive layer 1 10 that lie 
between the to be formed central portion 1 12 and plate portions 114. An etch process 
5 then removes portions of first conductive layer 1 10 to create electrically isolated central 
portion 112 and electrode plate portions 114. 

As shown in Fig. 4B, a second conductive layer 120 is formed from which 
second electrode plate portions 124 and anchor 126 are formed. In one embodiment, a 
non-conductive layer (not shown) is formed prior to the formation of second conductive 

10 layer 120. The non-conductive layer (not shown) may comprise an oxide, such as silicon 
dioxide, and may be formed by thermal oxidation, CVD, or other processes. Subsequent 
to formation of the non-conductive layer, vias or trenches are formed in the oxide layer. 
Thereafter, second conductive layer 120 is formed such that the conductive material 
substantially fills the vias, thereby forming supports 128 as shown in Fig. 4B. Again, 

15 second conductive layer 120 may be formed using a CVD process or the like. The non- 
conductive layer and second conductive layer 120 also may have a wide range of 
thickness within the scope of the present invention. In one embodiment, the non- 
conductive layer is about 2.0 microns thick and second conductive layer 120 is about 1.0 
microns thick. Similarly, supports 128 are about 2.0 microns in length. As shown in Fig. 

20 4B, central portion 112 and anchor 126 are coupled together and are electrically isolated 
from electrode plate portions 1 14 and 124. 

Turning now to Fig. 4C, a second non-conductive layer (not shown) is 
formed, such as by deposition or thermal oxidation, over second electrode plate portion 
124 and anchor 126. Second non-conductive layer then is patterned to form a via or vias 

25 to the underlying plate portion 124 and anchor 126. A third conductive layer then is 
preferably formed overlying the second non-conductive layer. A portion of the third 
conductive layer fills the via(s) in second non-conductive layer to create conductive posts 
125. In one embodiment, third conductive layer is about 1.5 microns thick. The third 
conductive layer is again patterned to form third electrode plate portions 140 and the 

30 central beam 132 as shown in Fig. 4C. Again, central beam 132 makes up a portion of 
the rotation device 130 discussed in prior Figures. Further, central beam 132 is coupled 
to central portion 112 and anchor 126. 

As shown in Fig. 4D, a non-conductive layer 150 is formed overlying 
electrode plate portions 140 and central beam 132. In one embodiment, non-conductive 
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layer 150 is about 1.5 microns thick. Again, non-conductive layer 150 may comprise an 
oxide or other non-conductive or isolation materials. After formation, a planarization 
process may be performed on non-conductive layer 150. A via or trench is formed in 
non-conductive_ layer 150, which in one embodiment exposes a portion of the underlying 
central beam 132. Beam layer 160 is thereafter formed overlying non-conductive layer 
150. Beam layer 160, in one embodiment, comprises" polysilicon, and in another 
embodiment is about 2.25 microns thick. In one embodiment, beam layer 160 fills the via 
or trench in non- conductive layer 150 to create connectors 152 coupling beam layer 160 
to central beam 132. In one embodiment, connectors 152 couple the notch portion 136 of 
first and second arms 134 to the underside of beam layer 160. The remaining portions of 
non-conductive layer 150 are removed to electrically isolate beam layer 160 from third 
plate electrode 140. 

In one embodiment, prior to beam layer 160 formation, the uppermost 
layers of apparatus 100 are planarized. Planarization may take place using a chemical 
mechanical polishing (CMP), flip-chip assembly, planarized-by-design (PBD), or other 
techniques. In one embodiment, beam layer 160 is a single crystal silicon. 

Figs. 5A-5C provide further detail of the torsion beam structure as taken 
along line 5-5 in Fig. 3 A. Fig. 5 A shows the separation between electrode plate portions 
114 and central portion 112. Thereafter, bar portions 122 are formed from second 
conductive layer 120. As shown in Figs. 5B-5C, in one embodiment the non-conductive 
layer formed prior to formation of second conductive layer 120 produces a separation 
between bar portion 122 and central portion 112. Thereafter, second non-conductive 
layer is formed and a via or trench is patterned above bar portion 122. In one 
embodiment, the via or trench runs substantially the length of bar portion 122. As 
described in conjunction with Fig. 4C, a third conductive layer is formed. Third 
conductive layer substantially fills the via or trench in second non-conductive layer with a 
plug 135, and further forms arms 134. The remaining portions of the second non- 
conductive layer are removed. 

Fig. 5D is a cross sectional view of the torsion beam structure of Fig. 5C, 
showing bar portion 122, plug 135 and arm 134. The I-beam configuration shown in Fig. 
5D facilitates rotation of the torsion beam, and provides the desired electrical conductive 
path and support to the overlying beam layer 160. 

Fig. 6 depicts a side view of apparatus 100 according to the present 
invention. A method of steering light according to embodiments of the present invention 



will be described in conjunction with Fig. 6. As shown therein, beam layer 160 is capable 
of rotating through an angle 170. Angle 170, in one embodiment, is about five degrees 
(5°). In alternative embodiments, angle 170 ranges between about zero degrees (0°) to 
about fifteen degrees (15°), although other ranges of rotation are within the scope of the 
5 present invention. The rotation of beam layer 160 is caused by applying a voltage to the 
stacked electrode plate portions 114, 124 and 140 (plate portions 124 and 140 not shown 
in Fig. 6). Beam layer 160, comprising an electrically conductive material, is ground to 
central portions 1 12 and 138, and anchor 126. As previously discussed, the electrode 
plate portions 114, 124 and 140 are electrically coupled for providing the use of a lower 

10 threshold voltage. In other words, the stack electrode configuration, with each electrode 
in a substantially different plane in one embodiment, facilitates rotation of beam layer 160 
with a lower voltage. 

In another embodiment, apparatus 100 does not have plate portion 140, 
and hence the voltage is applied to stacked plate portions 114 and 124. In still another 

15 embodiment, apparatus 100 does not have plate portions 124, and hence the voltage is 
applied to plate portions 1 14. In this embodiment, second conductive layer 120 may be 
used to form rotation device 130 in lieu of plate portions 124. 

When the voltage is applied to the left most stacked electrodes as shown in 
Fig. 6, the beam layer 160 rotates as depicted in Fig. 6. The applied voltage, in 

20 alternative embodiments, is between about 30 volts (V) and about 250 volts, or between 
about 30 volts and about 150 volts. Similarly, by removing the voltage from the stacked 
electrode plate portions 114, 124 and 140 will cause beam layer 160 to rotate to a 
configuration that is substantially parallel to an upper surface 118 of base layer 160. 
Further, when a voltage is applied to the right most stacked electrodes plates 114, 124 and 

25 140 (as shown in Fig. 6), beam layer 160 will rotate such that the right most portion of 
beam layer 160 as shown in Fig. 6 contacts base layer 116. Again, base layer 116 may 
comprise one layer or multiple layers, and is depicted as a single layer for convenience of 
illustration. Hence, rotational movement is preferably bi-directional with rotation ranging 
from about ± 2 degrees to about ±15 degrees, or more. Additionally, rotation to the right 

30 or left as show in Fig. 6 may be continuous. In this manner, the electrode stack need not 
snap down to the position shown in Fig. 6. 

In one embodiment, the. electrode stack configuration reduces the voltage 
requirement by up to about 50% compared to using only electrode plate portion 114. In 
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another embodiment, the voltage requirement is reduced by about twenty (20) percent to 
about thirty (30) percent. 

In addition to operating at a lower threshold voltage than devices having 
only electrode plate portions 114, apparatus of the present invention provide a stable 
landing platform for beam layer 160. As shown in Fig. 6, an underlying edge 182 of 
beam layer 160 contacts upper surface 118 of base layer 116. Similarly, an underlying 
edge 184 of first and second arms 134, and an underlying edge 186 of first and second bar 
portions 122 are configured to contact upper surface 118. In one embodiment, underlying 
edges 182-186 are configured to contact upper surface 118 simultaneously. In this 
manner, a six-point landing system is provided for stabilization of beam layer 160 upon 
rotation. As a result, beam layer 160 has a substantially planar upper surface when in an 
activated position (as shown in Fig. 6). 

It will be appreciated by those skilled in the art that the six-point landing . 
system discussed above may vary within the scope of the present invention. For example, 
in one embodiment, only underlying edge 186 of first and second bar portions 122 
contacts upper surface 118. Similarly, in another embodiment, only underlying edge 184 
contacts upper surface 188. Other landing platforms are provided by other combinations 
of underlying edges contacting upper surface 118. 

In still another embodiment, underlying edges of beam layer 160 and/or 
the flexure assembly contact a portion of first conductive layer 110 that is at the same 
electrical potential as beam layer 160. For example, after formation of the first 
conductive layer 110, a landing pad portion of conductive layer 110 may be electrically 
isolated from the remaining portions of first conductive layer 1 10 that make up electrode 
plate portions 114. The electrically isolated landing pad portion may be defined, for 
example, by creating one or more vias and filling the vias with a dielectric material. In 
this manner, the landing pad portions may operate having the same electrical potential or 

ground as beam layer 160. 

The present invention is an improvement over prior-art devices which do 
not provide sufficient support to beam layer 160. Absent sufficient support, beam layer 
160 may bow downwards toward base layer 116 producing a concave upper surface of 
beam layer 160. This bowing effect is due in part to the use of higher activation voltages, 
and insufficient support for the beam layer. Further, apparatus 100 according to the 
present invention use rotation devices or flexure assemblies, which may include an I- 
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beam that underlie beam layer 160. As a result, beam layer 160 presents substantially all 
of its surface to the light, thereby providing enhanced reflective qualities. 

The invention has now been described in detail for purposes of clarity and 
understanding. However, it will be appreciated that certain changes and modifications 
may be practiced within the scope of the appended claims. For example, while Figs. 2-6 
generally describe a single apparatus 100, the present invention further anticipates the 
formation of more than one apparatus 100. For example, an array of apparatus 100 may 
be formed on the same base layer 1 16 or different base layers 116. The array, which may 
or may not be symmetrical in number, may contain tens, hundreds and even thousands of 
apparatus 100. 
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